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ABSTRACT

During a set of aerodynamic tesgts in a Mach number 2.4 wind
tunnel, it was proven feasible to telemeter stagnation pressure
measurements from within a magnetically suspended, ferromag-
netic model. State-of-the-art, f-m radio telemetry, developed for
hypervelocity range use, was employed. Although data at the out-
set of each of three trials reflect errors of less than three percent,
inordinate frequency vs temperature interactions introduced intol-
erable shifts in telemeter center frequency as testing progressed.
Several methods may be used to reduce these interactions. Mag-
netogasdynamic effects arising from the use of the magnetic model
suspension technique are discussed in an appendix, and are shown
to be negligible in most wind tunnel testing.
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SYMBOLS

Vector magnetic flux densitg,
gauss (1 gauss = 6. 85 x 107° 1Ib/amp ft)

Frequency, megacycles/sec

Vector current density, amperes/ft2

Reference body length, ft

Pressure, millimeters of mercury

Dynamic pressure, 1b/ft2

Magnetic-to-dynamic body force ratio, dimensionless
Temperature, degrees Fahrenheit

Vector velocity, ft/sec

Mass density, slugs/ft3

Electrical conductivity,
mho/cm (1 mho/em = 0. 286 ampZsec/ft2lb)
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1.0 INTRODUCTION

The magnetic support of wind tunnel models is not a new art. A
working magnetic model suspension system was first designed and con-
structed by 1'Office National d'Etudes et de Recherches Aeronautiques
(ONERA) as early as 1955 (Ref, 1), Subsequent work by the ONERA has
improved the dynamic response characteristics of the system (Refs. 2
and 3) and has enabled measurement of aerodynamic forces imposed upon
the model (Ref. 4) as they are reflected in the electrical currents neces-
sary to restrain the model.

Magnetic suspension of wind tunnel models is attractive because of
the nearness of its approach to the free-flight environment. The flow
field surrounding the model is free of the aerodynamic effects induced
by the presence of a sting, struts, or other interfering structural sup-
ports. Support reactions are absent from the forces imposed upon the
model. * If heat transfer studies are to be undertaken, no corrections
need be made for heat conducted through support members. If dynamic
stability measurements are of interest, magnetic suspension provides
elastic restraint in five degrees of freedom. The elasticity of the re-
straint is adjustable to accommodate the conditions of the test. Either
forced oscillation or free oscillation modes of testing may be used.

Although the magnetic support of wind tunnel models may be quite
attractive, its value as a test technique can be no greater than will be
permitted by the measurements which may be made through its use. As
already mentioned, aerodynamic forces experienced by the model have
been measured. Accuracies of these measurements have fallen within
one-percent limits (Ref. 4). Pressures have been measured by approach-
ing the model with slender probes. Although this method has shown some
success in the measurement of model base pressures (Ref. 4), it is
always questionable to what degree the probe has distorted the flow field.
Also, the fact that the probe must be slender implies poor response to
rapidly fluctuating pressures. Of course, this method is useless in the
measurement of pressures near the model's stagnation region.

*It might appear that reactions induced by mechanical supports are
simply exchanged for magnetogasdynamic force interactions. However,
as is shown in the Appendix, magnetogasdynamic force interactions
arising out of the use of magnetic model suspension are negligible in
ordinary wind tunnel testing.

Manuscript released by author June 1962,
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A pressure measuring system contained entirely within the mag-
netically supported model would overcome these deficiencies of slow
response and flow-field interference. Radio-telemetry might then be
used to transmit the measurements from within the model to instrumen-
tation equipment located outsi,de tl'rle tunnel. A radio-telemetry develop-
ment project within the von Karman Gas Dynamics Facility has produced
sturdy, miniature, pressure telemeters for use in free-flight models
tested in a hypervelocity range (Ref. 5). To examine the feasibility of
using these telemeters in magnetically supported, wind tunnel models,

a series of tests was conducted in the ONERA supersonic wind tunnel 5.8,
located at Chalais Meudon, France. To allow an evaluation of the wind
tunnel applicability of such telemeters, it was necessary that the model
pressure to be telemetered should be one for which theoretical values
might accurately be determined. Stagnation pressure satisfied this re-
quirement.

2.0 APPARATUS

2.1 ONERA WIND TUNNEL 8.8

The ONERA Wind Tunnel S, 8 is a Mach number 2. 42 tunnel which
operates with atmospheric inlet. The 8-cm by 8-cm test section is of
Perspex (Plexiglas) and is outfitted with a five-channel, magnetic model
suspension system in the "L'" configuration (Ref. 6). Excepting roll, the
model is magnetically restrained in all degrees of freedom. During the
initiation of flow, the model base is held by a retractable sting. A small
cylindrical boss, machined as part of the model's base, is gripped in a
ating socket. Once flow has been established the telescoping sting is
withdrawn, leaving the model supported magnetically. This procedure
is reversed just prior to the cessation of flow, A vacuum system lowers
the pressure within the sting socket to reduce the annoying effect of base
reaction which occurs when the model is retrieved.

2,2 TELEMETER

The telemeter circuitry and the pressure transducer which were used
in the tests were quite similar to those described in Ref. 5. The cir-
cuitry appears as Fig. 1. Figure 2 is a drawing of the variable capaci-
tance pressure transducer. This transducer has a quiescent capacitance
of some 25 micromicrofarads. A change in applied pressure of 30 psi
produces a capacitance excursion of about two micromicrofarads. As
shown in Fig. 1, the transducer is made a part of the tank circuit of the
radio-frequency oscillator and the pressure which is sensed controls the
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frequency at which the circuit oscillates. A capacitor paralleled with
the transducer adjusts the transmitter's center frequency. The choice
of circuit values shown results in transmission at a center frequency
near 86 mc.

Etched, printed circuit boards were used in assembling the circuit
components of the telemeter package. The pressure telemeter, re-
moved from a model, appears in Fig. 3. In this figure there can be
seen the small tube which led from the pressure transducer to the orifice
at the stagnation point on the nose of the model. Potting of the transistor
junction in an epoxy resin insured resistance to mechanical shock which
might arise should the model be released inadvertently by the magnetic
support system. Reference 7 describes the transistor potting technique.
The hole and slot arrangement seen in Fig. 3 was provided in order that
the coil antenna might radiate from within the ferromagnetic model.
When the model was assembled, as in Fig. 4, the axis of the coil antenna
was aligned with the axis of the holes.

2,3 RECEIYER AND ANTENNA

The receiver and antenna arrangement which was used in recovering
the telemetered stagnation pressure data from the model appears in
Fig. 5. A single-turn, loop antenna was placed outside the test section
and near the Perspex test section wall. The plane of the antenna was
parallel to the direction of airflow. In the early testing, a trimmer
capacitor was paralleled with the loop to permit sharp tuning. The low
noise level encountered and the high signal strength provided by the
telemeter transmitter were found to make this tuning unnecessary. In
order to broaden the pass band of the antenna-receiver system, the tuning
capacitor was removed. The data presented in this report were collected
without the use of the capacitor.

An ONERA, type 1784, frequency modulation receiver was used.
Shifts in the frequency of the telemetered signal appeared as changes in
the reading of a microammeter at the receiver's discriminator output.
Although the bandpass of the receiver was 1. 8 megacycles, modulation
of the carrier frequency by only some 200 kc was sufficient to drive the
microammeter to its full-scale, 50-microampere reading.

3.0 CALIBRATION

During telemeter calibration, pressures ranging from 250 mm of
mercury to one atmosgphere were applied to the variable capacitance
transducer. A regulated vacuum system provided the calibration pres-
gures and a mercurial barometer was used in measuring these pressures.
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For each value of applied pressure, the output of the f~-m receiver dis-
criminator was read from a microammeter. During a later repetition
of calibration, the telemeter frequencies which resulted from application
of pressures were also measured, permitting a correlation of oscillator
frequency with discriminator output current. In making these frequency
measurements, a Gertsch Products, Inc. model FM-1B, direct-reading,
VHF frequency meter was used.

The two pressure calibration characteristics appear as Fig. 6. The
oscillator frequency vs pressure calibration is quite linear and behaves
according to the empirical relationship:

f =85 763 - (2.66 x 10" 4p

The slight nonlinearity evident in the current vs pressure plot is attributed
to the output characteristic of the receiver. The frequency and current

v8 pressure characteristics were traversed both in directions of increas-
ing and of decreasing pressure during calibration., Hysteresis was negli-
gible within the limits of precision of the readout apparatus over the

range of pressures covered.

Prior hypervelocity range experience with the telemeter circuit had
revealed large temperature vs frequency interactions. The telemeter
remained at room temperature during the pressure calibrations and
these interactions did not appear. Following the wind tunnel testing of
the telemeter, a temperature vs frequency calibration was performed in
a temperature-regulated test chamber, During this temperature calibra-
tion, the transducer pressure remained constant at an atmospheric value
which differed from that measured at the time of testing in the wind tun-
nel. The previously stated expression for frequency as a function of
pressure was used in transglating the temperature calibration data to
accommodate this difference in barometric pressures. The corrected
data appear plotted in Fig. 7, and another empirical expression describes
the linear dependence of oscillator frequency upon temperature, over the
range of interest:

f = 86.810-0,017T

Several of the data points which appear in this temperature vs frequency
plot lie rather far from the assumed, straight-line function. This is
attributed to insufficient "soaking' time in the test chamber during cali-
bration. That several of the deviant data lie above and several below the
characteristic {(e.g., points at 50°F and 85°F) is a result of failure to
approach each of the calibration points from the same direction (each

of the points below room temperature was approached from the low tem-
perature side; those above room temperature were approached from
more elevated temperatures),
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4.0 TEST AND RESULTS

The telemeter shown in Fig. 3 was installed within the model which
appears in Fig. 4 and was arranged so as to transmit stagnation pres-
sure measurements. The model was suspended magnetically in still air
within the wind tunnel test section and radio-frequency signals were
satisfactorily received from it. The r-f signal strength indicated at the
receiver varied widely as the magnetically supported model was rotated
slowly in roll. The extremely directional character of radiation from
the hole and slot antenna arrangement was responsible for the variations
in transmitter-to-receiver coupling which produced these changes in
signal amplitude. In spite of wide variations in the strength of the signal,
sufficient r-f energy was available to ''quiet" the f-m receiver and pro-
duce proper discriminator operation, regardless of the angular orienta-
tion of the model.

With the model supported by the retractable sting, the magnetic
field strength was varied in order to examine any possible influence of
the suspension system upon the telemetered measurement. The mag-
netic field intensity was varied from zero to roughly twice the value
required to support the model without airflow. This variation in mag-
netic field intensity produced no discernible change in r-f gsignal ampli-
tude at the receiver. Discriminator output current (hence, telemetered
pressure) was similarly unaffected.

The design of the model did not suit it well to testing in the ONERA
Wind Tunnel S. 8. Model diameter (3. 8 cm) was greater than that intended
for use in the tunnel S. 8 test section. As a result, tunnel performance
was marginal and "choking'" occasionally occurred during the tunnel start-
ing process (i. e., supersonic flow was not consistently established).
Model length was such that bow wave reflections from the test section
walls impinged upon the afterbody, lessening system stability. Although
testing was rather precarious as a result of the inappropriate model
design, conditions of the test nonetheless were adequate to allow the
collection of stagnation pressure data during each of several brief tunnel
runs,

Calibration {(Fig. 6) had indicated that the output current supplied by
the receiver discriminator was to diminish as telemetered pressure was
reduced from atmospheric value to the stagnation value anticipated.
Therefore, prior to each test, receiver tuning was offset to produce a
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discriminator microammeter reading of 43.5ua.* Immediately upon

establishment of supersonic flow through the tunnel test section, dis-

criminator current was read. Additional current readings were taken
at five-second intervals.

Telemetered data collected during three trials appear plotted as
Fig. 8. During runs numbered one and two, some 8 to 15 seconds
were consumed in releasing the model from its sting support and estab-
lishing magnetic suspension. During the run numbered three, the model
was supported by the sting throughout the thirty-second interval of data
recording. Frequency data plotted in Fig. 8 were derived from the cali-
bration characteristics of Fig. 6.

5.0 DATA ACCURACY

Data representing telemeter performance during the three runs
(Fig. 8) show agreement among themselves which is reasonable within
the limits of precision of the apparatus used. Data representing stagna-
tion pressure are in perfect agreement at the outset of each run. The
very severe temperature sensitivity of the telemeter was circumvented
at the start of each run by allowing a period of ''soaking' at a room tem-
perature equalling that at the time of pressure calibration. As each trial
progressed, telemeter frequency was seen to increase. There is no
reason to believe that model stagnation pressure might have varied
during the course of each run. Assuming stagnation pressure to have
remained constant, the calibration curve of Fig. 7 shows that declining
telemeter temperature should have produced an increase in telemeter
frequency. The decreasing telemeter temperature, which resulted in the
progressively increasing frequency, was to have been expected on the
basis of aerodynamic considerations,

*This is the value of discriminator current which resulted from appli-
cation of atmospheric pressure to the telemeter (Fig. 6) with receiver
center frequency having been previously adjusted to produce zero dis-
criminator current upon the application of the arbitrary zero reference
pressure of 250 mm Hg. As frequency calibration of the telemeter was
to show later, the 43.5ua value of discriminator current at atmospheric
pressure corresponded to a telemeter oscillator frequency of 85.562 mc.
This same, later, frequency calibration indicated that offsetting of the
receiver tuning to produce the 43.5ua value of discriminator current
pPlaced receiver center frequency at a value of 85. 697 mc, also corre-
sponding to the arbitrary zero reference of 250 mm Hg.
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The 11.7-ua value of discriminator current read at the initiation of
flow during each of the three trials (Fig. 8) corresponds to a pressure
of 415 mm Hg, as read from the calibration curve of Fig. 6. The
theoretical stagnation pressure, computed through the use of Ref. 8, is
404 mm Hg. An error of 2,73 percent is implied.

Several significant sources of error merit consideration. Resolu-
tion of the meter used in monitoring discriminator output current did not
exceed 0.5 percent of full-scale value, and the total meter excursion,
from atmospheric pressure to measured pressure, was scarcely more
than 60 percent of full scale. As a result, one might reasonably expect
to encounter errors as great as one percent in the reading of the discrim-
inator current meter alone. As has been shown, temperature influence
upon readout was severe. The temperature-induced change in oscillator
frequency during a typical, 30-second run was some 41 kc, The total
frequency excursion from atmospheric pressure to measured stagnation
pressure at the commencement of each run was little more than twice
that value (92 ke). Stated otherwise a temperature interaction of some
44 percent occurred during each 30-second run. Further, the tempera-
ture calibration curve (Fig. 7) shows that a temperature excursion of
only 2. 4°F would have been sufficient to produce the frequency shift seen
during the course of each run. No attempt has been made to compute
theoretical values of telemeter temperature as a function of time. Oscil-~
lator frequency is known as a function of temperature only for cases
wherein the temperature of the entire telemeter was uniform. Unques-
tionably, temperature gradients were induced within the circuitry during
testing in the tunnel. Therefore, were theoretical values of telemeter
temperature to be computed, no reasonable correlation with the tempera-
ture calibration could be expected.

In view of the sources of error which existed, it is inconceivable
that errors as small as three percent might have been expected from the
measuring system. It can only be assumed that some fortuitous combina-
tion of compensating errors must have been present.

6.0 CONCLUSIONS

Frequency-modulation radio telemetry of pressure measurements
is possible from within a magnetically suspended, ferromagnetic, wind
tunnel model undergoing supersonic testing. For telemeter circuits of
the type described here, and operating in the region of the frequency
spectrum near 86 mc, neither the frequency nor the absolute signal level
of the f-m transmission is affected by the introduction of a direct magnetic
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field of intensity sufficient to support and restrain the model within
supersonic flow. Similarly, alterations in intensity of the supporting
magnetic field, from zero to twice the value required to restrain the
model, have no discernible effect upon either absolute signal level or
center frequency position. Within the limits of resolution of the meas-
uring system used here, repeated aerodynamic tests under identical
conditions produced identical results.

Although state-of-the-art radio telemeters developed for hyper-
velocity range use are applicable to measurements of pressures exerted
upon magnetically suspended models, inordinate temperature interactions
render use of these telemeters inconvenient. Any of several schemes
might reduce these temperature effects:

1. The bandpass of the f-m receiver used during these tests
was nearly two megacycles. Total frequency excursion
produced by the telemeter was less than 0.1 mec. Modu-
lation over a wider frequency range would better exploit
the bandpass of the receiver and would render temperature
interactions less significant. However, only those tem-
perature interactions not inherent in the transducer itself
could be lessened in this manhner,.

2. Stabilization of oscillator center frequency through the use
of a erystal and its associated circuitry, as suggested in
Ref. 9, could be expected to reduce temperature influences.
Although the crystal itself would introduce temperature
effects, these would be significantly less than those experi-
enced with the system used in the testing described here,
Again, only temperature interactions originating ocutside
the transducer would be reduced,

3. Thermistor compensation for temperature interactions, as
described in Ref. 10, would introduce negligible circuit
complication and could be expected to provide correction of
temperature effects whether they were of transducer or of
circuit origin.
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APPENDIX

A NOTE CN MAGNETOGASDYNAMIC EFFECTS

It would appear that the intense magnetic fields required to support
and restrain a wind tunnel model might introduce intolerable magnetogas-
dynamic effects. The advantages gained toward free-flight simulation by
the elimination of structural supports might well be lost if fields as in-
tense as the required 6000 to 12, 000 gauss were to render the testing
aerodynamically unrealistic.

Figure A-1, adapted from Refs. 11 and 12, presents magnetogas-
dynamic force interactions for real flight through a magnetic field of
10, 000 gauss. Relatively large values of force interaction seen here
would seem to limit the applicability of the technique. However, abso-
lute temperatures and velocities encountered in real flight are substan-
tially higher than those customarily found in wind tunnel testing. (Wind
tunnel work ordinarily seeks to duplicate only Mach numbers and unit
Reynolds numbers found in real flight.) Since gaseous electrical con-
ductivity increases with temperature, and electric body force increases
with both conductivity and velocity, the outlook for wind tunnel applica-
bility of magnetic model suspension is not nearly so dismal as Fig. A-1
might seem to indicate,

Proceeding from work presented in Ref, 11, an approximate ratio
of electric body force (e.b.f.) to aerodynamic body force is determinable:

e.b.f. ki

S = dynamic force = "/;p v /L

It is reasonable to assume that current density, j, is equal to o VB.
The substitution leads to:

S - e.b.f _ _oVB'L _ _oVB’L

dynamiec force '/;pv: q

This relationship }}as l?een applied to a typical family of wind tunnels -
those of the von Karman Facility. In computing the magnetogasdynamic
force interactions, representative values of electrical conductivity, based
upon temperature, were selected from data presented in Refs. 11 and 13,
In order that results be kept conservative (i.e., electric force inter-
actions not be under-estimated), conductivity values were selected on the
basis of theoretical stagnation temperatures. Also in order to produce
congervative rather than optimistic interaction values, a field intensity
of 12, 000 gauss was assigned and free~stream velocity figures were used
throughout.

11
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The calculations just described have shown that in ordinary wind
tunnel testing, at flow velocities lower than 7000 ft/sec, magnetogas-
dynamic force interactions should not be expected to exceed 0.001 per-
cent. Testing in hypervelocity, low density tunnels at flow velocities
as high as 10, 000 ft/sec, might be expected to produce interactions of
0.001 to 1.0 percent. Testing in arc~driven, hotshot tunnels, with flow
velocities near 10, 000 ft/sec, could result in force interactions of one
to ten percent. It is unlikely, however, that magnetic model suspension
in its present state of development is applicable to use in hotshot tunnels,
where rates of load application are several orders of magnitude greater
than those found in more conventional test units.

200,000 |-
i o= 10" 2mho/cm
i B = 10,000 GAUSS
- L=Im
150,000 |
E B \
E i S"'\O‘
Wi -
S 100000}~
= i
H i
<l
50000 |-
fo L,y ! 1
0 5 @] 15 20

MACH NUMBER

Fig. A.1 Magnetogasdynamic Force Interactions in Real Flight

12
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